Ribosomal protein S5 is critical for small ribosomal subunit (SSU) assembly and is indispensable for SSU function. Previously, we identified a point mutation in S5, (G28D) that alters both SSU formation and translational fidelity in vivo, which is unprecedented for other characterized S5 mutations. Surprisingly, additional copies of an extraribosomal assembly factor, RimJ, rescued all the phenotypes associated with S5(G28D), including fidelity defects, suggesting that the effect of RimJ on rescuing the miscoding of S5(G28D) is indirect. To understand the underlying mechanism, we focused on the biogenesis cascade and observed defects in processing of precursor 16S (p16S) rRNA in the S5(G28D) strain, which were rescued by RimJ. Analyses of p16S rRNA-containing ribosomes from other strains further supported a correspondence between the extent of 5 0 end maturation of 16S rRNA and translational miscoding. Chemical probing of mutant ribosomes with additional leader sequences at the 5 0 end of 16S rRNA compared to WT ribosomes revealed structural differences in the region of helix 1. Thus, the presence of additional nucleotides at the 5 0 end of 16S rRNA could alter fidelity by changing the architecture of 16S rRNA in translating ribosomes and suggests that fidelity is governed by accuracy and completeness of the SSU biogenesis cascade.
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R-protein S5 | ram mutations | ribosome biogenesis | 16S rRNA processing O ne of the most remarkable feats of the ribosome is the ability to decode genetic information accurately in a process that involves the interaction of aminoacyl-transfer RNAs (aa-tRNAs) to the aa-tRNA binding site (A site) on the small ribosomal subunit (SSU; 30S). However, this process is not fully error proof and missense errors occur at a frequency of 10 −3 to 10 −4 per amino acid synthesized (1) . Decoding is thought to involve a number of local and global conformational changes in the SSU upon binding of a cognate aa-tRNA to the A site. These structural changes result in a transition from the "open" to the "closed" form whereby the head of the SSU rotates toward the shoulder and the shoulder toward the platform (2) . The r-proteins S4, S5, and S12 along with helices 27 and 44 of 16S rRNA are implicated in fidelity; mutations in S4 and S5 can lead to ribosome ambiguity (ram) or miscoding, whereas specific mutations in S12 lead to hyperaccuracy (3) . Based on the recent crystal structures (2), the r-protein ram mutations map at the interface of S4 and S5 and disrupt a number of salt bridges that are present in the open SSUs. These changes could destabilize the open state, thereby perturbing the equilibrium to promote the closed state and allowing decreased discrimination in the decoding process (4) . Some additional biochemical and structural data support this model (5) ; nonetheless, other data are hard to incorporate into this scheme. A few mutations in S4 can confer "restrictive" phenotypes to Salmonella typhimurium (6) and surprisingly these hyperaccurate alleles of S4 suppress the hyperaccurate phenotypes of S12 mutants. Recent work suggests that the ram mutations may not alter stability of the S4/S5 interface (7) . Thus, control of translational accuracy may be governed by additional means.
In an earlier study, we identified a unique mutation in r-protein S5 [at a universally conserved position (28 in Escherichia coli) where glycine is mutated to aspartate] (8) that is distinct from other identified S5 ram mutations (9, 10) . The mutation, G28D, not only decreases translational fidelity but also results in cold sensitivity and accumulation of precursor SSUs, both characteristics of defects in the SSU biogenesis cascade (8) . Interestingly, a single extragenic high copy suppressor of the coldsensitive phenotype associated with S5(G28D) was isolated and was identified to be rimJ (11), the gene that encodes S5 N-terminal acetyltransferase (12) . However, acetylation of S5 is not a factor in the observed suppression as an acetyltransferasedeficient form of RimJ is sufficient to suppress the phenotypic changes associated with S5(G28D) (11) . Although it might be expected that this suppressor would allow the decoupling of the biogenesis and fidelity effects associated with S5(G28D), overexpression of RimJ rescued not only biogenesis associated defects observed in this S5 mutant strain, but also rescued the miscoding phenotype near to WT levels (11) . Hence, we hypothesized that there is a previously unexplored link between SSU biogenesis and translational fidelity and RimJ rescues the fidelity defects of S5(G28D) by rescuing the SSU biogenesis defects of the S5 mutant strain.
In the present study, to test our hypothesis, we further examined the link between SSU biogenesis and translational accuracy. We show that the S5(G28D) strain is defective in 16S rRNA maturation and that overexpression of RimJ relieves this maturation defect. In a number of alternative sources of ribosomes containing precursor 16S (p16S: encompassing all possible precursor forms; see below) rRNA, we observed that these strains have impaired translational accuracy as well. Furthermore, we have provided mechanistic insights into how the presence of the extra nucleotides (NTs) at the 5 0 end of 16S rRNA might affect fidelity. Structures involving p16S rRNA that form at the expense of helix 1 have been predicted in assembling subunits (13, 14) but not in the translating population; herein we demonstrate that the presence of 16S rRNA leader sequences affects SSU structure around helix 1 in a functionally important region (15) . Moreover, we demonstrate that base pairing between leader and mature elements is critical to changes in fidelity. Overall, our results delineate a functional link between translational fidelity and 16S rRNA maturation during SSU biogenesis.
Results
Maturation of 16S rRNA in the S5(G28D) Strain. The S5(G28D) strain has phenotypes characteristic of SSU assembly defects and is spectinomycin resistant (8) and thus is distinct from other ram mutants with substitutions at positions 103 or 111 of E. coli S5 (9) . We hypothesized that RimJ rescued fidelity defects of S5 (G28D) by rescuing its biogenesis defects, suggesting a link between SSU biogenesis and translational fidelity. Given that changes in rRNA processing correlate with ribosome biogenesis defects, we examined 16S rRNA maturation in S5(G28D) ribosomes. In E. coli, each of the seven rDNA operons is transcribed as a precursor that contains 16S rRNA, 23S rRNA, and 5S rRNA as well as tRNAs. RNase III acts to cleave the primary transcript to generate a 17S precursor form of 16S rRNA (16) which contains an extra 115 residues at the 5 0 end (leader) and 33 extra residues at the 3 0 end (trailer) (16S rRNA with 115 NTs at 5 0 end is denoted as long precursor 16S rRNA: lp16S rRNA) (Fig. 1A) . In subsequent reactions, RNase E cleaves to generate a leader with 66 residues upstream of the mature 16S rRNA sequence (16S rRNA with an additional 66 NTs at the 5 0 end is denoted as short precursor 16S rRNA: sp16S rRNA) and a subsequent cleavage by RNase G, a homolog of RNase E, yields the mature 5 0 end of 16S rRNA (17, 18) (Fig. 1A) . The identity of the RNase that generates the mature 3 0 end of 16S rRNA is currently unknown as is the exact order of the processing events in vivo.
Maturation of 16S rRNA was examined in ribosomal fractions from S5(G28D) and its parental CSH142. We found that maturation of 16S rRNA is incomplete in the S5(G28D)-containing SSUs, the defect being exacerbated at nonpermissive temperature (Fig. 1B) . Interestingly, more lp16S rRNA (relative to mature 16S rRNA) is assembled in S5(G28D) 70S ribosomes than parental 70S ribosomes (Fig. 1B , compare lanes 4-6 and 10-12) although there is a lower proportion of lp16S rRNA in the 70S ribosomes compared to the free SSUs in both strains (Fig. 1B) . In contrast to 16S rRNA processing, 23S rRNA processing is very similar in both S5(G28D) and parental strains (Fig. S1 , compare lanes 5 and 6) ruling out any contribution of 23S rRNA 5 0 end processing in fidelity changes. Thus, the presence of lp16S rRNA in 70S ribosomes could account for fidelity differences between these strains.
As stated above, in earlier work we demonstrated that RimJ, when overexpressed in the S5(G28D) background, mitigated the fidelity errors evident in the S5(G28D) strain (11) . Therefore, a role of RimJ in rescuing 16S rRNA processing defects of the S5 (G28D) strain was assessed. Overexpression of RimJ substantially decreased the levels of lp16S rRNA in both SSUs and 70S ribosomes isolated from S5(G28D) (Fig. 1C ). An increase in mature 16S rRNA in 70S ribosomes correlates with increased translational fidelity in the S5(G28D) background, yet RimJ does not associate with translating ribosomes (11) .
Effect of p16S rRNA in 70S Ribosomes on Translational Fidelity in Other
Backgrounds. To further examine whether our observations of fidelity changes were linked with rRNA maturation or were a consequence of S5(G28D) mutation, we examined other ribosomes with defects in 16S rRNA maturation. Previous work has shown that, in a strain lacking the gene encoding r-protein S15 (rpsO), lp16S rRNA accumulates in pre-SSUs and SSUs (19) , however neither translational fidelity nor 16S rRNA 5 0 end maturation in 70S ribosomes was examined in this strain. Whereas 70S ribosomes isolated from a parental strain (W3110) appear to contain undetectable levels of p16S rRNA ( Fig. 2A , lane 3), both free SSUs and 70S ribosomes isolated from ΔrpsO strain contained substantial amounts of lp16S rRNA ( Fig. 2A , lanes 2 and 4). Next, we investigated miscoding in the ΔrpsO strain. [The S5(G28D) mutation did not significantly alter the fidelity of translation initiation (8), thus we did not investigate changes in initiation in other mutant strains used in the present study]. In the ΔrpsO strain, we observed a substantial increase in frameshifting and stop-codon readthrough relative to the isogenic parent (Fig. 2B ). These data suggest that decreased fidelity conferred by rpsO deletion could be due to defects in 16S rRNA maturation. Furthermore, similar to the S5(G28D) strain, the ΔrpsO strain showed no defects in processing the 5 0 end of 23S rRNA (Fig. S1 , compare lanes 7 and 8).
In vivo auxiliary extraribosomal factors aid in ribosome assembly by acting as chaperones, in rRNA and r-protein modification, or in an other yet to be characterized manner (for review see ref. 20) . Deletion or mutation of some of these E. coli factors leads to the accumulation of p16S rRNA as previously demonstrated for SSU assembly factors, RimM and KsgA (21, 22) . We observed elevated levels of stop-codon readthrough in strains lacking either RimM or KsgA (SI Text and corroborating the link between translational fidelity and presence of p16S rRNA in translating ribosomes.
Miscoding in a Strain Lacking RNase G. Although the data correlating decreased translational accuracy with the presence of p16S rRNA in 70S ribosomes are strong, in a number of the examined cases, integral components of the ribosomes were mutant. To directly assess the role of 16S rRNA maturation in altering translational accuracy, a strain bearing a deletion of the gene encoding RNase G was investigated. RNase G is not an integral part of the functional ribosome, but is responsible for processing of the precise 5 0 end of 16S rRNA (see Fig. 1A ). Previous work demonstrated that a strain lacking rng (gene encoding RNase G also known as cafA) is defective in processing the 5 0 end of 16S rRNA, but the 3 0 end of 16S rRNA was fully mature (17, 18) . When deletion of rng is combined with a temperature-sensitive allele of RNase E, the double mutant strain accumulates lp16S rRNA in the 70S ribosomes (17) . However, the status of incorporation of the p16S rRNA in 70S ribosomes generated in the Δrng strain alone was not reported. Three forms of p16S rRNA were observed in specific ribosomal fractions from the RNase G deletion strain (JW3216-1); these correspond to sp16S rRNA and lp16S rRNA (see Figs. 1A and 3A). In addition, more mature-like forms of 16S rRNA that are processed to within 3-4 NTs of the mature end are observed, but fully mature 16S rRNA is completely lacking. Interestingly, we observed that only the sp16S rRNA and the mature-like forms of p16S rRNA are found in the 70S ribosomes (Fig. 3A) . Additionally, no defects in 23S rRNA (5 0 end) processing in this strain were observed (Fig. S1, compare lanes 1 and 2) . In the 70S ribosomes with only the 5 0 end of 16S rRNA extended (17) (Fig. 3A) , translational fidelity analysis of the Δrng strain revealed that nonsense readthrough and frameshifting levels were elevated compared to the parental strain (Fig. 3B) .
To corroborate the miscoding phenotype of the RNase G deletion strain, we tested its sensitivity with aminoglycoside antibiotics. Aminoglycoside antibiotics such as neomycin and paromomycin interact with 16S rRNA near the SSU decoding site and result in codon misreading (23) . Both neomycin and paromomycin exacerbated the growth of the Δrng strain relative to its parental strain (Fig. 3C and D) , suggesting that the fidelity changes attributed to 16S rRNA processing and aminoglycosides are additive. This additive effect of aminoglycosides on growth of the Δrng strain is similar to that for the S5(G28D) strain (Fig. S3) . All of these observations indicate that maturation of the 5 0 end of 16S rRNA and translational fidelity are functionally linked.
Alternative 16S rRNA Conformations in Ribosomes with Leader
Sequences. Several models to explain the functional interaction between 16S rRNA 5 0 end maturation and translational accuracy are possible. One possibility is that the leader would be positioned at the subunit interface and perturb the interaction and critical communication between the two subunits. We observed no differences in the magnesium concentration dependent dissociation of 70S ribosomes from WT, S5(G28D) or Δrng mutant strains (Fig. S4) . These data are consistent with earlier analysis of ribosomes from a rng/rne double mutant strain (17) . Hence, it seems that 16S rRNA leader sequences do not dramatically alter interaction of the subunits.
A second possibility is that, as proposed in pre-30S particles (13, 14) , the presence of the leader could promote formation of competing, alternative helical structures (Fig. 4A) . Fig. 4A(I) ] and form an alternative helix that would compete with mature helix 1 formation (13). Additionally, in ribosomes containing lp16S rRNA [as found in the S5(G28D) and ΔrpsO strains], a second proposed alternative structure could form utilizing NTs starting around −108 in the leader and those from 21 to 29 of mature 16S rRNA (24) and thus would also preclude helix 1 formation [ Fig. 4A(II) ]. Lastly, RNA folding prediction (25) indicates that the lowest free energy structure of a 16S rRNA fragment containing NTs from −115 to 50 (numbered with respect to the mature 5 0 end) involves base pairing between the leader and helix 1 elements. To test the possibility of the additional leader elements destabilizing helix 1 in S5(G28D), ΔrpsO and Δrng strains, we performed structural probing of SSUs and 70S ribosomes. Nucleotides A7 and A8 in mature 16S rRNA are free and accessible to DMS when mature helix 1 is formed, whereas formation of the proposed alternative helix [ Fig. 4A (I)] engages these NTs in base pairing so that they are no longer fully accessible to DMS modification. Our data show that A7 and A8 are less prone to DMS modification in the S5(G28D), ΔrpsO, and Δrng strains compared to their corresponding parental strains, suggesting that alternative structures are favored over helix 1 in the mutant strains (Fig. 4B) . Indeed, the intensity of modification is proportional to the amount and length (lp vs. sp) of the p16S rRNA leader in SSUs and 70S ribosomes ( Fig. 4B  and C) . It is difficult to directly access increased occupancy of the alternative structures due to lack of control structures within parental strains as they lack the leader. Overall, our data are consistent with the presence of p16S rRNA inducing errors in translational fidelity by altering helix 1 formation.
Effects of Removal of Alternative Helix #1. Given our observation that p16S rRNA decreases occupancy of helix 1 and thus may decrease translational fidelity, we investigated the effect of p16S rRNA lacking the ability to form alternative helix #1. Using a plasmid-borne copy of the rrnB operon (pLK35), we generated 16S rRNA lacking the 10 NTs upstream of the 5 0 end (Δ − 1 to −10). Analysis of SSUs from a strain with this 10 NT deletion revealed accumulation of lp16S rRNAs and sp16S rRNAs with only sp16S rRNA being incorporated in 70S ribosomes (Fig. 5A) . The 70S ribosomes with this form of sp16S rRNA can form neither of the alternative helices; the base-pairing elements for alternative helix #1 have been deleted and, as these 70S ribosomes lack lp16S rRNA, alternative helix #2 cannot form. Investigation of translational fidelity in presence of (Δ − 1 to −10) 16S rRNA revealed no defects in translational fidelity when compared with WT 16S rRNA (Fig. 5B) . These results indicate that the presence of p16S rRNA alone is not sufficient to induce errors in fidelity and that base pairing plays a significant role.
Discussion
In the presence of S5(G28D), maturation of 16S rRNA during ribosome biogenesis is affected. A p16S rRNA species, lp16S rRNA, which is cleaved by RNase III but not further end 1 and 3) , S5(G28D) (lanes 2 and 4), W3110 (lanes 5 and 7), ΔrpsO (lanes 8 and 10), BW25113 (lanes 9 and 11), or Δrng (lanes 10 and 12). Altered reactivity in S5(G28D), ΔrpsO, and Δrng mutant particles relative to parental particles is marked with a solid box-headed arrow. As shown, 70S ribosomes from the parental strains lack p16S rRNAs and thus do not extend beyond the mature 5′ end. (C) Structural changes in positions A7 and A8 of 16S as indicated by the solid box-headed arrow in B are quantified using ImageJ (National Institutes of Health). Protections in S5(G28D) (brown bars), ΔrpsO (green bars), and Δrng (purple bars) are denoted as percentages of their parental strains for both the SSU and 70S ribosomes. . The lp16S rRNA in the MC252 strain transformed with pðΔ − 1 to − 10Þ is shorter by 10 NTs than lp16S rRNA in the MC252 strain transformed with pLK35 and thus runs as a distinct product.
(B) β-Galacosidase assay to monitor translational fidelity in MC252 containing pðΔ − 1 to − 10Þ as described in Fig. 2B .
matured, accumulates in free SSUs and 70S ribosomes. Overexpression of RimJ increases the level of mature 16S rRNA and restores translational fidelity and thus 16S rRNA maturation is correlated with changes in fidelity. Another mutant strain lacking r-protein S15 also accumulates lp16S rRNA in 70S ribosomes ( Fig. 2A) and exhibits defects in translational fidelity (Fig. 2B) . Furthermore, deletion of rng (RNase G), which blocks processing of only the 5 0 end of 16S rRNA (17) , (18) (Fig. 3A) also increases miscoding. In addition to the Δrng strain, we show that deletion of extraribosomal assembly factors, RimM and KsgA, which result in the accumulation of p16S rRNA (21, 22 ) also leads to decreased translational fidelity (Fig. S2) . Early work revealed that deletion of the rimM (yfjA) gene led to a decrease in growth and translation efficiency (21) . Our data suggest that the accumulation of p16S rRNA affects fidelity in the ΔrimM strain and thus could account for the earlier findings. Similarly, previous studies have suggested that strains lacking the functional dimethyltransferase activity of KsgA (nature of mutations were uncharacterized) were associated with high levels of stop-codon readthrough, frameshifting (26) , and non-AUG (start) codon intitiation errors (27) . Consistent with earlier reports, we observe fidelity defects now using a strain with a clean deletion of ksgA (Fig. S2) . Interestingly, none of these SSU biogenesis factors bind 70S ribosomes but do interact with free SSUs and/or pre-SSUs (22, 28) . Hence, these factors cannot modulate fidelity of the 70S ribosomes directly. Chemical probing of SSUs and 70S ribosomes from parental, S5(G28D), ΔrpsO, and Δrng strains revealed that helix 1 is not well formed in the p16S rRNA-containing particles. These data support the formation of alternative helical structures, which are formed by base pairing between leader and mature 16S rRNA sequences (13, 14) (see Fig. 4 ); formation of these structures would compete with mature helix 1 formation and affect translational fidelity. Furthermore, we show that deletion of 10 bps upstream of the 5 0 end of 16S rRNA which result in accumulation of sp16S rRNA but not lp16S rRNA in 70S ribosomes, does not affect translational fidelity as expected by their inability to destabilize helix 1 (Fig. 5) . Overall, our data suggest that formation of helix 1 as a result of appropriate 16S rRNA maturation during SSU biogenesis is critical for synthesis of accurate ribosomes. Although mutations in S5 have previously been linked to changes in translational fidelity, we propose a unique role of S5 in this process. Although mutation of G28 to D in S5 confers a ram phenotype, position 28 of S5 does not map to the S4/S5 interface (Fig. S5) . Recently, it has been shown in a yeast twohybrid study that S5(G28D) does not destabilize S4-S5 interaction (7) . Interestingly, investigation of 16S rRNA 5 0 end processing in a S4 ram mutant and a S12 restrictive mutant revealed no significant processing changes in these strains, although in the S4 ram mutant a slight accumulation of p16S rRNA is evident compared to the parental strain (Fig. S6) . Hence, ambiguity can be achieved via distinct mechanisms and our data indicate that fidelity is dependent on 16S rRNA processing during SSU biogenesis.
Interestingly, in both the S5(G28D) and ΔrpsO strains, lp16S rRNA is the most prominent intermediate, thus in these strains conversion of lp16S to more mature products is inhibited. Whereas, in the Δrng strain, SSUs with very short extensions of 16S rRNA, sp16S, and lp16S rRNAs are observed. Yet, SSUs containing more mature forms of p16S rRNA are preferentially found in 70S ribosomes in the Δrng strain to the exclusion of lp16S rRNA (Fig. 3A) . Although all of these strains show an increase in miscoding (8) (Figs. 2 and 3) , the effect on translational fidelity is more pronounced in the S5(G28D) and ΔrpsO strains than in the Δrng strain, suggesting that the longer leader sequence may be more deleterious. Our probing data of helix 1 are consistent with S5(G28D) and ΔrpsO having more severe effects than Δrng (Fig. 4B and C) . Additionally, both S5(G28D) and ΔrpsO are cold sensitive and have reduced growth rates even at the permissive temperature (8, 19) , whereas Δrng has only a slight impact on growth (29) (Fig. 3C and D Left) suggesting that strains with a longer leader are more susceptible to kinetic traps. Based on these data, we propose a model (Fig. S7) where incorporation of immature SSUs into the translating population alters translational fidelity and cellular fitness. The longer leader (with an additional 115 NTs; Fig. S7A ) allows for the possibility of one more alternative helix than the shorter leader (with 66 additional NTs at the 5 0 end; Fig. S7B ) (24) . Hence, three potential species could form with lp16S rRNA (Fig. S7A) . On the other hand, two potential species could form with sp16S rRNA (Fig. S7B) . Hence, the population of particles containing mature helix 1 could be dependent on the length and proportion of leader-containing particles. Our probing data support this hypothesis as the reactivity of residues in helix 1 is altered more in the S5(G28D) and ΔrpsO ribosomes compared to the Δrng or parental strains ( Fig. 4B and C) . Previous work has suggested a functional relationship between helix 1 and the 900 tetraloop capping helix 27, which is implicated in translational fidelity (30) . This present study indicates that helix 1 formation is important for SSU function and the data presented herein reveal a unique means by which helix 1 formation can be perturbed in the functional ribosomal population by inclusion of p16S rRNA-containing SSUs.
The 16S rRNA leader sequence is highly conserved among all seven operons in E. coli. Leader sequences have been shown to facilitate correct 16S rRNA folding in a chaperone-like way by forming transient RNA-RNA interactions (31) . Mutations in highly conserved sequence elements of the leader (nut-like) have been found to result in cold sensitivity and impaired structure and function of 30S subunits (32) . Furthermore, it has been proposed that box C sequences, part of the nut-like elements and harboring the RNase III cleavage site, might mediate the formation of the universally conserved central pseudoknot of the 30S subunit (24) . Mutational studies in the pseudoknot region revealed that the mutant ribosomes were impaired for in vivo translation (15, 33) , establishing the significance of the central pseudoknot to ribosome function. Formation of the universally conserved pseudoknot is believed to be preceded by another pseudoknot structure that involves base pairing of a U3 box A-like sequence between positions −104 and −122 of the 5 0 leader of 16S rRNA and NTs 14-31 and 916-918 of 16S rRNA (24) . Thus, the leader is likely conserved due to its critical role in the biogenesis cascade but the presence of the leader is ultimately inconsistent with mature ribosome function. Deletion of rpsO and lacZ in this strain was verified by PCR amplification and a β-galactosidase assay using ortho-Nitrophenyl-β-galactoside as described below. A WT lacZ deficient strain (MC252) is also a kind gift from Michael O'Connor. Strains Xac, B210 (Xac rpsL141) and B212 (Xac rpsD12) have been described previously (36) and are kind gifts from Phil Farabaugh (Baltimore, MD). The lacZ plasmids used for fidelity assays are either pSG series (tetracycline resistant) or pACYC (chloramphenicol resistant) series of plasmids and carry frameshifting mutations or premature stops at the N terminus of WT lacZ gene and are kind gifts from Michael O'Connor.
Ribosome Profiles, RNA Extraction, and Primer Extension. Cells were grown at 37°C (permissive temperature) to ∼0.7 OD or grown at 37°C to ∼0.2 OD prior to being shifted to 20°C, which is the nonpermissive temperature for S5 (G28D) cells or room temperature for ΔrpsO cells and incubated for another 4 h. RimJ expression in S5(G28D) strain was done as described earlier (11) . Ribosome profiles were essentially performed as described (37) , with sedimentation adjusted to allow separation of SSUs and pre-SSUs at the expense of observing polysomes. RNA extraction and primer extension were performed as described (38) .
β-Galactosidase Assay. Cells to be assayed for β-galactosidase activity, as described previously (27) , were grown in LB medium containing 12.5 μg∕mL tetracycline for pSG plasmids or 30 μg∕mL chloramphenicol for pACYC plasmids. β-Galactosidase activity from the plasmid encoding WT lacZ in the WT strains and the same in the mutant strains, were used for normalization. Units of normalized β-galactosidase activity for the ΔlacZ ΔrpsO strain and the KEIO strains (Δrng, ΔrimM, and ΔksgA) with various reporters were reported as ratios to those observed in the WT MC252 strain and BW25113, respectively. Fidelity assay for the pðΔ − 1 to − 10Þ mutant was performed in MC252 background grown in presence of ampicillin (100 ug∕mL) and normalization was done with a plK35 plasmid in MC252.
Structure Probing of Mutant Ribosomes. The folding of rRNA within the mutant ribosomes was examined using DMS modification of the N1 position of adenosine and N3 of cytosine residues. DMS modification was carried out as described previously (39) . Primer extensions were done using a primer with sequence 5 0 -AGCTAATCCCATCTGGG-3 0 , which anneals near the 5 0 end of 16S rRNA.
Site-Directed Mutagenesis. Deletion of 10 NTs at the 5 0 end of 16S rDNA was carried out on pLK35 plasmid that carries a rrnB operon encoding 16S rRNA. QuikChange (Stratagene) site-directed mutagenesis protocol was followed, except that an extension time of 2 min ∕kb was used. Primers were 5 0 -CGA AGT TTA ATT CTT TGA GCG AAA TTG AAG AGT TTG ATC ATG GC-3 0 and its reverse complementary primer.
